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Executive Summary
As part of its broader outreach and education efforts to expand knowledge of the benefits and applications of combined heat and power (CHP), the U.S. Environmental Protection Agency's (EPA's) CHP Partnership (CHPP) has undertaken targeted efforts to increase CHP use in three specific market sectors: dry mill ethanol production, hotels/casinos, and wastewater treatment. The CHPP's work in these sectors is intended to serve two main audiences: energy users and industry Partners. Sector-specific information on the technical and economic benefits of CHP is provided so energy users can consider employing CHP at their own facilities. Market analyses help our CHP industry Partners increase their penetration into these sectors. This guide presents the opportunities for and benefits of CHP applications at municipal wastewater treatment facilities (WWTFs), also known as publicly owned treatment works (POTWs).
CHP is a reliable, cost-effective option for WWTFs that have, or are planning to install, anaerobic digesters. The biogas flow from the digester can be used as "free" fuel to generate electricity and power in a CHP system using a turbine, microturbine, fuel cell, or reciprocating engine. The thermal energy produced by the CHP system is then typically used to meet digester heat loads and for space heating. A well-designed CHP system offers many benefits for WWTFs because it:
• Produces power at a cost below retail electricity.
• Displaces purchased fuels for thermal needs.
• Qualifies as a renewable fuel for green power programs.
• Enhances power reliability for the plant.
• Offers an opportunity to reduce greenhouse gas and other air emissions.
The primary purpose of this guide is to provide basic information for assessing the potential technical fit for CHP at WWTFs that have anaerobic digesters. It is intended to be used by CHP project developers, WWTF operators, and other parties who are interested in exploring the benefits of CHP for a WWTF. The guide provides the following information:
• The size of facilities that have the greatest potential for employing cost-effective CHP.
• Rules of thumb for estimating a CHP system's potential electricity and thermal outputs based on wastewater flow rate.
• The emission reduction benefits associated with CHP at WWTFs.
• The cost-effectiveness of CHP at WWTFs.
• Strategic issues involved with employing CHP at WWTFs.
Through its market and technical analyses, the CHPP has found that:
• CHP is a strong technical fit for many WWTFs.
• CHP is commercially available and has been proven effective in application at WWTFs.
• CHP can be a compelling investment at WWTFs, depending on local electricity prices and fuel costs.
• CHP offers additional values and benefits for WWTFs, including offset equipment costs, increased reliability, and emission reductions.
• CHP has been underutilized at WWTFs to date. • The heating value of the biogas produced by anaerobic digesters is approximately 600
British thermal units per cubic foot (Btu/ft 3 ).
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• For each 4.5 MGD processed by a WWTF with anaerobic digestion, the generated biogas can produce approximately 100 kilowatts (kW) of electricity.
Introduction
Today, more than 16,000 municipal wastewater treatment facilities (WWTFs) operate in the United States, ranging in capacity from several hundred million gallons per day (MGD) to less than 1 MGD. Roughly 1,000 of these facilities operate with a total influent flow rate greater than 5 MGD, but only 544 of these facilities employ anaerobic digestion to process the wastewater. Moreover, only 106 WWTFs utilize the biogas produced by their anaerobic digesters to generate electricity and/or thermal energy. In places where the spark spread 1 is favorable, great potential for combined heat and power (CHP) at WWTFs exists.
The U.S. Environmental Protection Agency's (EPA's) Combined Heat and Power Partnership (CHPP) has developed this guide to provide basic information for assessing the potential technical fit of CHP at WWTFs that have anaerobic digesters. The guide is intended to be used by CHP project developers, WWTF operators, and other parties who are interested in exploring the benefits of CHP for a WWTF.
Though outside the scope of the remainder of this guide, WWTFs that do not presently employ anaerobic digesters for biosolids management should note that the benefits of CHP deployment at a WWTF are in addition to the typical benefits of anaerobic digesters, which include:
• Production of biogas that can offset purchased fuel and be used in a CHP system.
• Enhanced power reliability at the facility if biogas is used to produce backup power.
• Reduced odors and uncontained methane emissions.
• Additional revenue streams, such as soil fertilizers that can be produced from digester effluent.
The CHPP based its analyses of the opportunities for and benefits of CHP within the wastewater treatment market sector on data obtained from the 2004 Clean Watersheds Needs Survey (CWNS), Energy and Environmental Analysis, Inc.'s (EEA's) Combined Heat and Power Installation Database, and additional independent research. The guide is organized as follows:
• Section 2 introduces the wastewater treatment data used for the CHPP's analyses, including information on data collection and limitations.
• Section 3 describes the potential market for CHP at WWTFs.
• Section 4 explains the technical fit for CHP at WWTFs, presenting the CHPP's analyses of electric and thermal energy generation potential at WWTFs, and the associated greenhouse gas emissions benefits.
• Section 5 presents cost-effectiveness information for CHP at WWTFs.
• Section 6 presents some strategic issues related to installing CHP at WWTFs, including the potential eligibility for renewable fuel credits and clean energy funding.
• Section 7 lists additional sources of relevant information.
• Appendix A includes a full list of WWTFs in the United States with flow rates greater than 5 MGD that have at least one anaerobic digester. This list includes the potential electricity capacity a CHP system could produce at each facility.
• Appendix B presents the anaerobic digester design criteria and models used in the analyses. The CWNS is conducted as a joint effort between EPA's Office of Wastewater Management and the states in response to Section 205(a) and 516 of the Clean Water Act. The CWNS contains information on POTWs, facilities for control of sanitary sewer overflows (SSOs), combined sewer overflows (CSOs), stormwater control activities, nonpoint sources, and programs designed to protect the nation's estuaries. Wastewater facilities voluntarily report facility-specific information through a survey, and information obtained from the survey is maintained in the CWNS Database. The collected data are used to produce a Report to Congress that provides an estimate of clean water needs for the United States. The 2004 CWNS contains information on 16,676 operating wastewater treatment facilities.
Several limitations exist when using the CWNS data to analyze the potential for CHP at WWTFs. First, the data are voluntarily reported. As such, a completely accurate picture of wastewater activity cannot be obtained from the CWNS. Second, although facilities report if they have anaerobic digesters, the CWNS does not indicate how many digesters are in operation at a facility, or how facilities use the produced biogas. Third, the data contained in the 2004 CWNS are two years old, and therefore might not reflect the current state of operations for each plant.
The Combined Heat and Power Installation Database is maintained by EEA for the U.S. Department of Energy and Oak Ridge National Laboratory. The database lists all CHP systems in operation in the United States. Information is gathered in real time and originates from industry literature, manufacturer contacts, regional CHP centers, and EPA. The database is a work in progress, and EEA notes that all data might not be complete.
The CHPP also conducted independent research, which included reviewing case studies of WWTFs that employ CHP, acquiring accepted carbon dioxide emissions factors for power generation, and utilizing the extensive CHP resources and contacts available to the CHPP.
The Market

Wastewater Treatment Facilities with Anaerobic Digestion
To evaluate the market potential for CHP systems in the wastewater treatment sector, the CHPP queried the CWNS Database to determine the number of WWTFs using anaerobic digestion. The CHPP focused on facilities with anaerobic digesters because anaerobic digesters have the ability to produce "free" fuel (i.e., biogas), and they have a heat load that a CHP system can meet. The CHPP then categorized WWTFs by influent flow rate to evaluate the CHP potential for various sizes of WWTFs. The minimum flow rate for WWTFs included in the analysis is 5 MGD, which is based on previous analyses performed by the CHPP that showed that WWTFs with influent flow rates less than 5 MGD could not produce enough biogas from anaerobic digestion of biosolids to make CHP technically and economically feasible. Table 1 shows the number of WWTFs with anaerobic digestion and off-gas utilization, and Table 2 shows the flow rate to WWTFs with anaerobic digestion and off-gas utilization. The 2004 CWNS identified 16,676 operational WWTFs in the United States. As Tables 1 and 2 show, only 1,066 of these facilities have flow rates greater than 5 MGD. The data in Table 1 indicate that for WWTFs with total influent flow rates greater than 5 MGD, nearly 50 percent (544/1,066) operate anaerobic digesters for biosolids management. However, only about 19 percent (106/544) of the WWTFs with anaerobic digestion utilize digester gas for heating or electricity generation. The CHPP assumes that the remaining WWTFs with anaerobic digestion flare their digester gas. The data in Table 1 also indicate that larger WWTFs tend to use their digester gas, while smaller WWTFs do not. Specifically, 50 percent of WWTFs with design influent flows greater than 200 MGD utilize the biogas generated from anaerobic digesters, while only 13 percent of WWTFs with influent flows ranging between 10 and 20 MGD utilize the digester gas.
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The data in 
Technical Fit
Anaerobic digestion is the key indicator of CHP potential at WWTFs because the process generates biogas containing approximately 60 percent methane. The biogas can be used as fuel for a number of purposes:
• To fire boilers and hot water heaters needed to maintain optimal digester temperatures and provide space heating.
• To generate electricity to operate pumps and blowers used throughout the treatment process.
• To generate electricity using equipment such as microturbines for onsite use and/or to sell back to the grid.
Anaerobic digestion produces biogas on a continuous basis, allowing for constant electricity production. Internal process heat used for the digesting process represents the most common use of wastewater treatment methane, but great potential exists for facilities to use the generated biogas for CHP applications.
Electric and Thermal Generation Potential from CHP Systems at Wastewater Treatment Facilities
To determine the electricity and thermal energy generation potential for CHP at WWTFs, the CHPP modeled the fuel produced and required by two typically sized digesters-one mesophilic digester and one thermophilic digester. 4 Each digester model was based on a total influent flow rate of 9.1 MGD.
5 This wastewater flow rate produces roughly 91,000 standard cubic feet (ft 3 ) of biogas per day, which has an energy content of 58.9 million British thermal units per day (MMBtu/day).
6 Both types of digesters were modeled for summer and winter operation. Appendix B contains the digester design criteria used for the analysis.
The CHPP estimated the biogas utilization of each model digester under four possible cases of biogas utilization. The first case assumes no CHP system, where only the amount of biogas needed for the digester heat load is utilized and the rest is flared. The other three cases assume that a CHP system utilizes the captured biogas to produce both electricity and thermal energy. The three modeled CHP systems include an internal combustion engine, a microturbine, and a fuel cell. In its analysis, the CHPP used a current industry average electric efficiency for each CHP technology as listed in the "Catalogue of CHP Technologies." 7 However, the possibility for employing a CHP system capable of achieving greater electric efficiencies exists. The use of any CHP technology must be determined by both the site and policy conditions of a particular location. Tables 4 and 5 present the results for each of these models. In each table, the results represent an average of winter and summer digester operation.
As Tables 4 and 5 illustrate, an influent flow rate of 9.1 MGD can produce approximately 200 kilowatts (kW) of electricity along with roughly 25 MMBtu/day of thermal energy. Using the biogas from a typically sized digester, a fuel cell CHP system can produce the most electricity (roughly 285 kW). The thermal output of a fuel cell also most closely matches the heat load of the digester (which minimizes the amount of heat that is wasted).
8 In many cases, however, the use of fuel cells is limited due to high cost. The two more common CHP systems employed at WWTFs-internal combustion engines and microturbines-can produce roughly 200 kW of electricity and 25 MMBtu/day of thermal energy with a wastewater flow rate of 9.1 MGD. This analysis indicates that roughly 100 kW of electric capacity can result from a total wastewater influent flow rate of 4.5 MGD. 
National Electric Generation Potential from CHP at Wastewater Treatment Facilities
The 2004 CWNS identified 10,107 MGD of wastewater flow at facilities greater than 5 MGD that have anaerobic digestion but no biogas utilization. If these facilities were to employ a CHP system, approximately 225 MW of electric capacity could be produced. 9 The CWNS also identified 5,140 MGD of wastewater flow at facilities greater than 5 MGD that have anaerobic digestion with biogas utilization. Anecdotal evidence suggests that very few facilities with anaerobic digestion and off-gas utilization use the biogas for electricity generation. As such, assuming these facilities only use the captured biogas for digester heat loads, an additional 115 MW of electric capacity could be produced.
10 CHP at WWTFs represents an excellent technical fit, with the ability to generate roughly 340 MW of electric capacity that could be used for onsite electricity needs or sold back to the electric grid. Appendix A lists all U.S. WWTFs greater than 5 MGD that have at least one anaerobic digester and notes the electric generation potential associated with CHP utilization for each facility.
Potential Carbon Dioxide Emission Benefits
The CHPP estimated the potential carbon dioxide emission offsets associated with increased use of CHP at WWTFs. To estimate these emission reductions, the CHPP assumed the following:
• Biogas from WWTFs is biogenic; therefore, utilizing it in a CHP system yields no net positive carbon dioxide emissions.
• 100 kW of electric grid capacity is offset with an influent flow rate of 4.5 MGD.
• WWTFs with anaerobic digestion and no off-gas utilization use natural gas for their digester heat loads.
Using CWNS data, a total of 2.3 million metric tons of carbon dioxide emission reductions can be achieved through increased use of CHP at WWTFs. These reductions are equivalent to planting approximately 640,000 acres of forest, or the emissions of approximately 430,000 cars. Table 6 presents these results. 
Cost-Effectiveness
A well designed CHP system can be an attractive investment for a WWTF. A CHP system allows a WWTF to generate both electric and thermal energy on site, offsetting the costs of grid power and purchased fuel. To highlight the cost savings of generating energy with a CHP system at a WWTF, the CHPP estimated the cost-effectiveness of three representative CHP systems 11 that would be appropriate for different size WWTFs:
• 130 kW microturbine • 300 kW carbonate fuel cell • 1,060 kW reciprocating engine Each WWTF considering CHP will need to perform its own site-specific feasibility analysis to determine potential biogas generation rates; methods to compress, clean, and dry the biogas before combustion; and the specific costs and benefits of generating onsite heat and electricity for their WWTF. In states where electricity prices are low, using biogas directly in boilers might be the best investment for a WWTF.
Based on influent flow rates and typical digester heat loads (as presented in Section 4.1, Tables 4 and 5), the microturbine would be appropriate for a small WWTF with a minimum influent flow rate of 6.8 MGD. The fuel cell could serve a medium-size WWTF with a minimum influent flow rate of 10.7 MGD. The reciprocating engine would be appropriate for a large WWTF with at least a 41.4 MGD influent flow rate. Table 7 presents the system performance characteristics for the three sample CHP systems on which the economic analyses are based. The electric output that can be generated from the digester gas input and the amount of heat that can be recovered drive the project economics. Heat Production/day (MMBtu) 12.0 8.6 106.2 * The net power output of the microturbine system is adjusted because the fuel must be compressed to about 75 to 100 psig using an electrically driven fuel compressor. ** The fuel cell does not produce enough waste heat to meet the digester heat load. About 10 percent of the available digester gas must go directly to a supplemental boiler. The 10.7 MGD size is 10 percent more than the 9.7 MGD needed to fuel a 300 kW fuel cell. Table 8 presents the capital costs for the three sample CHP systems. The largest cost component for each system is the gen-set package which contains the prime mover and the generator. The next major cost component is the fuel treatment system to ensure that the biogas is of operational quality. Fuel treatment can consist of chillers, moisture separators, hydrogen sulfide removal vessels, siloxane removal vessels, heat exchangers, blowers, and connections. Switchgear and controls are required for system operation and paralleling with the utility grid. Additional switchgear (transfer switches, wiring, and electrical panels) would also be needed if the WWTF decides to configure back-up capabilities into the system (i.e., to allow the system to serve critical loads during a utility outage). The heat recovery equipment in each of these sample systems produces hot water for the digesters and other facility needs.
For the three CHP systems, the major equipment costs range from 58 to 65 percent of the total installed costs. Remaining costs include those for design, engineering, consulting, installation, and obtaining necessary permits. Typically, municipal facilities use a design-bid-build approach in which the facility is first designed and then the system components are competitively bid. In order to have a better integrated package, some facility managers suggest employing a designbuild approach. However, using this contracting avenue might necessitate a special municipal directive.
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The capital costs shown in Table 8 do not include any credits for federal or state incentive programs that might be available either to stimulate renewable energy, reduce greenhouse gas emissions, promote high efficiency, or to support particular technologies, such as fuel cells. These credits can significantly enhance the economic value of CHP to WWTFs. The CHPP estimated net power costs for each of the three sample CHP systems based on three separate cases:
• Case 1 assumes that the WWTF previously used digester gas for all thermal requirements, and that there was no purchased fuel used at the site. In this case, the CHP system replaces the thermal load with recovered heat from the prime mover. As previously mentioned, the fuel cell does not produce enough waste heat after generation of electricity, so this unit must be sized appropriately to allow some of the digester gas to fuel a supplemental boiler to provide the necessary make-up heat.
• Case 2 assumes that the WWTF previously used digester gas in a boiler for digester heat loads and purchased natural gas for other facility needs. In this case, the excess thermal energy produced by the CHP system (beyond what's required for the digester heat load) displaces natural gas purchased for other facility needs such as space heating.
• Case 3 assumes that the WWTF previously did not use digester gas and purchased natural gas for both digester heat loads and other facility needs. In this case, the thermal energy produced by the CHP system displaces natural gas purchased for all of the facility's thermal needs including the digester heat load. Table 9 presents the net power cost estimates for each CHP system. The capital recovery costs are estimated for municipal facilities. Municipal facilities are assumed to have a cost of capital (municipal bonds) of 5 percent and a capital repayment horizon of 20 years. In cases where it is assumed that natural gas is being replaced, the CHPP assumes a natural gas price of $7.00/MMBtu. In these cases, a thermal credit is incorporated into the net power costs to account for the avoided fuel costs. The fuel savings and the digester heat requirements assume that the necessary thermal energy would have been produced from an 80 percent efficient boiler. A facility manager can easily compare the net costs presented in Table 9 to the WWTF's current cost of purchased power to get a quick estimate of whether a CHP system might be costeffective. If a WWTF purchases power for less than the net power cost, a CHP system may not be cost-effective. However, each WWTF needs to perform its own cost-effectiveness analysis to determine the economic feasibility of investing in a CHP system at their particular facility with site-specific digester, heating, and electric loads. A system-specific level 1 feasibility analysis will uncover additional costs and value streams that are not captured in this basic costeffectiveness analysis.
Wastewater Treatment Biogas as Renewable Energy
The use of biogas from anaerobic digestion at WWTFs is often eligible for renewable fuel credits and clean energy funding. For example, biogas-fueled electricity generation qualifies as a renewable energy source in each state with a renewable portfolio standard (i.e., 22 states and the District of Columbia as of October 2006). National voluntary renewable energy credit (REC) programs also consider new electricity generation fueled by biogas from WWTFs as eligible sources for RECs.
In addition, some states offer financial incentives (e.g., grants, rebates) for the production of clean onsite generation (such as biogas-fueled CHP) that reduces peak period electricity demand. 
Organizations
The following organizations work closely with the wastewater treatment industry and offer a wealth of knowledge concerning wastewater treatment and the use of anaerobic digestion. 
EPA Office of Wastewater Management (OWM)
-
Case Studies
Following are selected case studies that demonstrate the benefits and operational characteristics of installing CHP systems at a variety of WWTFs. These case studies highlight a variety of technologies and biogas utilization options.
• "Waukesha Engine Energizes New Hampshire Water Utility Digesting Sludge for Fuel" -New Hampshire's Water Utility uses its 12 to 18 MGD of wastewater to produce electricity and hot water for the facility with a 365 kW internal combustion engine. 
